Deadwood is an important habitat for vertebrate and invertebrate species, a key factor in the nutrient cycle and a valuable carbon pool. Difference in the deadwood C stock depends on many variables such as forest type, microclimate and forest management.
Introduction
According to the FAO's Global Forest Resources Assessment 2005 (FAO 2004 , forest deadwood can be defined as all nonliving woody biomass not contained in the litter, either standing, lying on the ground or in the soil; deadwood includes the following components (Hagemann et al. 2009 ): standing dead trees, lying dead trunks and fallen branches and twigs and stumps.
During recent decades, the perception of the presence of deadwood in forest ecosystems has changed considerably (Merganičová et al. 2012 ). In the past, it was perceived by forest managers as an undesirable component in forest ecosystems: a potential source of pests and diseases (Marage and Lemperiere 2005) , a cause of risk for forest fires (Thomas 2002; Radu 2006) and an obstacle to silvicultural activities (Travaglini et al. 2007) . Currently, deadwood is regarded as an important structural and functional component of forests (Harmon et al. 1986 ) because it is an essential substrate for numerous insects as well as fungi (Nordén et al. 2004; Herrero et al. 2014 ); a key factor in the nutrient cycle of C, N and Mg (Krankina and Harmon 1994; Holub et al. 2001 ); a fundamental element in the ecological and soil hydrological processes (Bragg and Kershner 1999) and a valuable forest carbon pool (Ravindranath and Ostwald 2008) .
According to Brown (2002) , standing and lying deadwood accounts for 10-20 % of the above-ground biomass in mature forests, yet few studies have provided an estimate of the deadwood C stock (Kueppers et al. 2004) .
Nowadays, an estimate of the C stock in deadwood is required for reporting to the Kyoto Protocol (1997), as well as to the United Nations Framework Convention on Climate Change (1992) (Tobin et al. 2007 ). According to these political documents, the carbon stocks in forests and their changes must be monitored (Rock et al. 2008; Teissier du Cros and Lopez 2009) . These changes depend on many variables including forest type, micro-climatic conditions, weather conditions and forest management. The intensity of management and the silvicultural practices adopted can affect the amount and quality of deadwood in forest ecosystems (Green and Peterken 1997) . In managed forests, the amount of deadwood is reduced by extraction of timber and wood biomass (Vallauri et al. 2003; Verkerk et al. 2011) , while in protected areas or in forests managed according to 'close-to-nature' principles, the amount is significantly greater (Kirby et al. 1998 ).
The paper is primarily focused on analysing the relationship between forest management practices and deadwood in forest. In particular, the relationships between the volume and carbon stock of deadwood and forest management were investigated. The authors hypothesized that the distribution of deadwood volume by component and by decay class are closely related to the past forest management. Moreover, the importance of deadwood for biodiversity and habitat conservation was investigated considering the relationships between the diameter distribution of deadwood and the habitat for wood-living species. Hence, in a 'close-to-nature' management approach, a prevalence of logs and snags with high diameters (habitat trees) and an equal distribution between decay classes should be favoured.
The analysis was conducted in a case study (Collina Materana, Italy) where three forms of forest management are prevalent: (1) intensive for timber and bioenergy production, (2) extensive for firewood home use and (3) multifunctional for wood, non-timber products and environmental services. The relationship between form of forest management and deadwood C stock was investigated, taking into account the deadwood component (snags, logs and stumps) and the decay class (using a five-class system).
Materials and methods

Study area
The study area is the Collina Materana district (45°5′ 3″ N, 12°0′ 4″ E) located in the central-western part of the Matera Province in the Basilicata Region (southern Italy). The district occupies 60,784 ha and has a population of 14,051 inhabitants. The climate is oro-mediterranean, with a warm, dry summer and a cold winter. Forests occupy 22,304 ha (37 % of the region), and the most widespread forest types are (EEA 2006) (1) Turkey oak, Hungarian oak and Sessile oak (Quercus cerris L. dominant); (2) Downy oak forest (Quercus pubescens Willd. dominant) and (3) Mediterranean evergreen oak forest (Quercus ilex L. dominant).
In the past, coppices represented the main forest system and forest management was mainly aimed at firewood production (Paletto et al. 2012a) . Recently, a substantial change, in terms of area, between coppices and high forests has taken place. Coppices are clear cutted with release of standards, and the rotation period has been progressively increased in recent decades.
High forests were traditionally managed with the shelterwood system, but the gradual abandonment of any treatments has lead these stands to natural evolution, which is now the most common management system.
Field measurements
Qualitative and quantitative characterization of selected forest stands stratified by forest category was conducted. Measurements were taken from a sampling set of forest inventory plots.
A geo-referenced 1-km×1-km grid with random origin was generated. A point with random coordinates was positioned in each square of the grid. Eventually, all points were overlapped to Basilicata forest types map (Costantini et al. 2006 ) in order to select the reference sample plots (227 plots). These sample plots were surveyed with qualitative measurements. Approximately one-third of the sample (74 plots) was randomly chosen to provide quantitative measurements of forest stand.
In each sample plot (531 m 2 ), the main dendrometric parameters were classified/measured. The following parameters were considered: species, number of stems, diameter at breast height (dbh>4.5 cm), tree height of five sample trees, regeneration and deadwood. Forest management and harvesting methods were also described.
In each sample plot, the volume of forest deadwood was estimated, taking into account three main integrative features (Naesset 1999) : component (standing dead trees or snags, lying dead woody debris or logs and stumps), origin (coniferous or deciduous species) and decay class. We considered lying dead woody debris, standing dead trees and stumps with a minimum diameter of 10 cm because they are the most important deadwood components for carbon storage. For each standing dead tree in the plot, the diameter at breast height (dbh) and the height were measured, while for the lying woody debris, the diameters at three cross sections (minimum, maximum and medium) and the length were measured in order to estimate the volume.
The decay rate is a very important variable in the carbon store estimation because it influences the dynamics of carbon release and sequestration (Stokland et al. 2004; Zell et al. 2009 ). As in the American Forest Inventory (Waddell 2002) and the main European forest inventories (Paletto and Tosi 2010; Sandström et al. 2007 ), a five-class system was used. The five decay classes were evaluated on the basis of softness of wood and other visible characteristics (rot extension and development of fungus mycelium), structure of the bark and presence of small branches with a diameter less than 3 cm (Hunter 1990; Montes et al. 2004) .
The above mentioned forest types were divided into two groups according to forest system: coppices with standards (100-150 standards per hectare) and high forests. Coppices are regularly clear-cut every 30 years (Q. cerris L. and Q. pubescens Willd. dominant forests) or every 45 years (Q. ilex L. dominant forests). In marginal coppices, rotation age is increased. In other cases, coppices are abandoned due to the difficult accessibility and to the low fertility. These coppices are evolving towards a one-/two-storey high stands.
High forests (originated from seed or converted from coppice) with generally monolayer structure are managed using shelterwood system. Rotation is usually 100 years with light to moderate thinnings from below. Abandoned high forests are characterized by high stem density, homogeneous structure and high canopy cover (more than 80 %). These type of stands have not reached yet physiological maturity.
Three main management approaches were investigated: (1) extensive forest management, (2) intensive forest management and (3) multifunctional forest management. Extensive and intensive forestry are both aimed at producing forest products (bioenergy, firewood and timber) and financial returns, but with a difference in the type and intensity of management. According to Helms (1998, p.61) intensive forestry can be defined as 'the practice of forestry to obtain a high level of volume and quantity of outturn per unit area through the application of the best techniques of silviculture and management'. By contrast, extensive forestry is (Helms 1998, p.98 ) 'the practice of forestry on a basis of low operating and investment costs per acre'. Multifunctional forest management has the main purpose of also enhancing nonproductive forest functions. The objective of this approach is to integrate into the forest management the nonproductive aspects-such as sociocultural and environmental functions-in order to enhance the ecosystem goods and services (Führer 2000) .
In the case study, the three different management approaches were distinguished, based on qualitative and quantitative indicators (Table 1) .
The sampling plots were distributed with 44 in extensive management forests, 18 in intensive management forests and 12 in multifunctional management forests.
Volume estimation
The volume of deadwood was calculated using a geometric system and applying, for the snag, the stereometric equation of the first Italian NFI. Standing dead tree volume (V s ) was calculated from stand basal area (BA) and tree height obtained from the hypsometric curve (h), using the standard biometric equation (Cannell 1984) :
which includes a standard stem form factor ( f ) of 0.5. Lying deadwood volume (V l ) and stump volume (V st ) were calculated using the following formula:
where h is the height or length measured (m), D is the maximum diameter (m), d is the minimum diameter (m). The total volume of deadwood in a forest (V d ) is the sum of three components:
Carbon stock estimation
The deadwood carbon stock was estimated by converting the deadwood volume into the mass of carbon stored in this pool. Volumes in plots were converted to biomass using the appropriate basic wood density value estimated by the second Italian NFI (INFC 2007) distinguished by components (lying deadwood, standing dead trees and stumps), origin (coniferous and broadleaves) and decay classes ( Table 2 ). The overall deadwood biomass was finally converted to the corresponding carbon store. Generally, in the literature, it is assumed that the carbon content of deadwood is approximately 51 % (Sollins et al. 1987) or 50 % (Coomes et al. 2002) , but direct chemical analysis for carbon shows that there are differences linked to the species and analysis method. Matthews (1993) showed that the carbon content of oak wood obtained by direct analysis is 48.95 % while that calculated from extractive analysis data is 49.40 %. In the present research, the carbon content obtained by direct analysis is used considering the average value estimated for several North American and European oak species. The several studies considered in the meta-analysis have estimated the carbon content in the oak species in a range between 46.8 and 50.6 % (direct analysis).
where C is the total carbon stock, V i is the volume of deadwood per decay class (m 3 ), BD is the basic wood density (g/m 3 ) and 0.4895 is the carbon factor of oak wood obtained by direct analysis.
Statistical analysis
Statistical analysis, using STATISTICA for Windows, version 7.1, was performed to investigate differences in deadwood (volume of deadwood and carbon stock) among different management approaches. To test if the collected data were normally distributed, the Shapiro Wilk normality test was performed (Shapiro and Wilk 1965) . Since data distribution was not normal (p<0.05), nonparametric tests were used to analyse data among the quantitative variables. The KruskalWallis ANOVA test assesses the hypothesis that in the comparison, different samples are drawn from the same distribution or from distributions with the same median. When ANOVA revealed significant relationships among deadwood and management approaches, we used the Kruskal-Wallis multiple comparison test for post hoc comparisons, to know which management approach differed from the others. All statistical tests were assessed at the α=0.05 level.
Differences in the diameter distribution of deadwood among variously managed plots were tested using chi-square test (p<0.05).
Results
Volume of deadwood
Deadwood volume depends on forest characteristics and dynamics but is also highly influenced by management practices (Lombardi et al. 2008; Pedlar et al. 2002) . The total volume of deadwood was estimated to be 7.64 m 3 ha −1
. . All data are characterized by a high level of variance because in many plots one or more components of deadwood are absent (40.5 % of plots for logs, 75.7 % for snags and 37.8 % for stumps). Cosmo et al. (2013) Considering the distribution of deadwood volume by decay class, the results show that volumes are highest in the third decay class (25 % of the total), while the most decomposed classes (fourth and fifth) together account for 39 % and the least decomposed classes (first and second) together account for 36 %. Considering the three deadwood components (Fig. 1) , we observe that volume of snags is concentrated in the first (36 %) and third class (33 %), while the volume of logs and stumps is concentrated in the most decomposed classes.
The results are comparable with those of the second Italian NFI (Pignatti et al. 2009; Di Cosmo et al. 2013 (Paletto et al. 2012b ). This variability is most probably not only due to the natural variability in deadwood amounts related to forest productivity and stand dynamics (Siitonen 2001 ) but also to the influence of different forest management activities (Pregitzer and Euskirchen 2004) . Considering the distribution of deadwood volume by management approach, the results show that deadwood volume decreases from multifunctional management to intensive management which is associated with lower deadwood volumes (3.14 m 3 ha (Kirby et al. 1998; Lombardi et al. 2008) , with the extraction of biomass for renewable energy production. On average, the quantity of deadwood in unmanaged forests is a third higher than that in managed forests (Duvall and Grigal 1999; Green and Peterken 1997) . In a worked coppice with standards actively cut, the authors estimated a volume of fallen wood of 11.9 m 3 ha −1 , while for a high oak forest under extensive management the estimated volume of deadwood was 23.1 m 3 ha −1 (Kirby et al. 1998 ). For intensively managed forests in Sweden, Kruys et al. (1999) and Fridman and Waldheim (2000) observe a lying woody debris volume from 1.7 to 9.7 m 3 ha −1
. Results of the present study confirm this tendency, with a deadwood decrease from multifunctional to intensive management.
For deadwood volume data, statistically significant differences among the three management approaches were found. The deadwood volume in the intensively managed forests is significantly lower than the volume in multifunctional forests (Kruskal-Wallis post hoc test H=7.22; df=2, p value=0.027).
Results show (Fig. 2 ) that the proportion of deadwood component types (snags, logs and stumps) varies with the management approach. Forests under extensive management have the highest volumes of snags, presumably because many trees are not removed, especially the larger ones, as occurs, by contrast, in logged sites. The highest presence of stumps in intensively managed forests is related to the cutting that occurs frequently over time.
Carbon stock in deadwood
The C stocks were calculated from the volumes taking into account decay class and deadwood components. The total C present in the Collina Materana forests was estimated to be , distributed as shown in Table 3 and Fig. 3 among the various components and decay classes.
The carbon stored in deadwood is strongly influenced by forest management. The forests under multifunctional management have a high level of carbon storage (2.28 tC ha ), but a balanced distribution between components (0.24 tC ha −1 logs, 0.27 tC ha −1 snags and 0.19 tC ha −1 stumps). These results confirm the analysis of Krankina and Harmon (1994) whereby intensive forest management reduces forest carbon stocks to 10-25 % of the potential level. The Kruskal-Wallis ANOVA revealed a significant result (H=6.29; df=2, p value=0.043). However, among the management approaches, there were no significant differences in the carbon stored in deadwood, as indicated by the KruskalWallis multiple comparison test.
Diameter distribution
The diameter of the wood pieces is positively correlated with biodiversity and habitat conservation because many woodliving species prefer large deadwood (Kruys et al. 1999; Jönsson and Jonsson 2007) . From a biodiversity point of view, importance should be given also to the diversity of habitats available, giving more weight to rare elements, such as large diameter trees (Rondeux and Sanchez 2010) . Retention of larger diameter trees in particular may have a positive impact on forest carbon stocks (Nunery and Keeton 2010) .
The results of the present study show that the habitat trees with an average diameter greater than 30 cm are 19 pieces ha −1 for snags and 75 pieces ha −1 for logs. Regarding the habitat trees, according to the literature, a minimum number of 5-10 trees ha −1 is required for biodiversity conservation (Mason et al. 2005 ). In the case study, the amount of habitat trees is above this minimum level, indicating the value of the Collina Materana forests for habitat and biodiversity conservation. Analysis of the diameter distribution of wood elements in the various deadwood compartments shows a concentration of logs in the lower size classes (diameter less than 20 cm) and a large number of stumps with a mean diameter greater than 30 cm (Fig. 4a) . These results are in line with those obtained by Kruys et al. (1999) who noted a strongly skewed distribution towards very small diameter logs (63 % of all logs were <10 cm maximum diameter). When considering different management approaches, it seems that extensively managed forests (Fig. 4b) follow the same trend as multifunctional managed forests (Fig. 4c) . Conversely, the intensively managed forests (Fig. 4d ) have a dominance of stumps in all DBH size classes and in particular, in small (diameter between 10 and 20 cm) and large (diameter more than 40 cm) classes. A chi-square test revealed a significant difference in the diameter distribution of logs present in the extensively managed plots compared to the intensively and multifunctional managed plots (χ 2 =31.03, p=0.001).
Discussion
The results show that the average volume of deadwood in the Collina Materana district is in line with the national average, ) by forest management (KruskalWallis ANOVA test, p value= 0.043) Fig. 4 Diameter distribution of wood elements: all forests (a), extensively managed forests (b), multifunctionally managed forests (c) and intensively managed forests (d) but also show great variability in deadwood amounts. For this reason, it is important to state that this study provides information for oak forest types in the Mediterranean area, not necessarily representative of the overall types.
The variation of deadwood volume in decay class distribution gives an indication of the temporal variation in tree felling and mortality and can be used as an indicator of the history of a forest (Rouvinen et al. 2005) . When deadwood shows all decay classes, as occurs in the present case study, the death of the plants has probably occurred evenly over a long time.
Results also confirmed that extensively managed stands contained more deadwood than intensively managed ones. In addition, multifunctional management provided larger quantities of deadwood than the least intense productionoriented management. This tendency is coherent with the purpose of the three management approaches. In intensively managed forests, silvicultural treatments are mainly oriented to wood production. In these situations, harvesting means not only the extraction of timber but also the removal of wood residues from the ground. At the opposite extreme, multifunctional management is basically aimed at exploiting nonproductive forest functions as well as increasing deadwood with ad hoc management strategies, in order to enhance forest biodiversity. Specific silvicultural interventions (i.e. retention of large diameter snags and logs) are finalized to the maintenance of deadwood habitats. In high forests where grazing pressure is more intense, a particular attention is given to the retention of logs for tree regeneration. In these situations, logs create natural exclosures and permit patches of ungrazed vegetation to develop (Bobiec 2002) .
Extensively managed forests are usually marginal forests with a low fertility and/or a difficult accessibility. In these stands, the increase of the coppice rotation generates a higher mortality of the shoots and an improvement of deadwood.
Since the type of management greatly influences the presence of deadwood in forests and the ecological role of deadwood (habitat for species, a key factor in the nutrient cycle and relevant carbon pool), silvicultural strategies can be implemented in order to maintain or increase the volume of deadwood in the Collina Materana forests.
Regarding coppice systems, the quantity of deadwood is correlated with the duration of rotation. In this type of stand, an increase in deadwood could be obtained by leaving a few standards to an indefinite age, or by girdling them (Mason et al. 2005) . However, particular attention should be given to the excessive shading caused by their crowns, since this may hamper the development of coppice shoots. For this reason, a balance between productive function and environmental benefits due to the increase in deadwood could be achieved by releasing 3-4 standards per hectare in Turkey oak and Downy oak coppices and a slightly higher number in Holm oak coppices, this species being more tolerant of shade.
Broadleaved high forests return a larger volume of deadwood to the soil than coppices, as well as a greater number of standing dead trees. However, the quantity of deadwood is influenced by the type of silvicultural treatment. An increase in deadwood in broadleaved oak forests can be obtained by: (1) extending the duration of rotation, (2) leaving some individuals to indefinite ageing at the time of the final felling and (3) implementing selective thinning of the dominant layer and releasing a dominated layer for the provision of deadwood.
At present, many private forests of the Collina Materana, under the heading 'extensive management', are completely unmanaged. In this case, deadwood is extensively provided and strategies to increase its amount are pointless.
The present research evidenced that there is a clear impact of human interventions on quantity of deadwood and that management strategies deeply influence forest ecosystems biodiversity. Deadwood has not been extensively investigated in Mediterranean-oak ecosystems, and field surveys could be used to enrich a systematic and comparative programme of research whose results can implement the development of guidelines concerning deadwood management.
